




















































































































Figure 6. Sensitivity response of Wenner sounding curves for six layer model
(Table 2) with resistivity contrast of 3x between r3 , r5 and r4. Percentages

show tne departures from model H1 for thickness changes in h3, h4, and hb.

Figure 7. Sensitivity response of Wenner sounding curves for six layer model
(Table 2) with resistivity contrast of 2x between r3 , r5 and r4. Percentages

show the departures from model H1 for thickness changes in h3, h4, and h5.

Figure 8. Sensitivity response of Wenner sounding curves for six Tayer model
(Table 2) with resistivity contrast of 1.5x between r3 , r5 and r4.
Paercentages show the departures from model H1 for thickness changes in nh3, hé,

and hb5.

Figure 9. Barker offset Wenner sounding electrode configuration. Observed
spacing resistances are used to calculate additional spacing resistances. No
readings were recorded for the 0.5 spacing and for RA, RB, and RC at the 1.0

spacing. C = current probe; P = potential probe. Modified from Barker (1981).

Table 3. Barker offset Menner sounding data sheet for site C10 (Figure 1).

See text for explanation of observed, offset, and Tateral errors.

Figure 10. Field data curve (see Table 3) and four layer model curve for
sounding site C10. Four layer model was generated from hand-calculator
program and then modified with RESIST. Driller's log for .observation well,

located 50 meters west of C10, is shown for comparison.
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CONFIGURATION

FIVE ELECTRODE ARRAY

1 2 3 4 5
vV V Vv VvV V
1 2 3 4 5
v \4 \'4 \ 4 A4
Coooviii, P P C RA
Covi . Coo Po......... P RB
Cooovi. P Covi, P Rc
Co.......... P P C RbD1 RD
Cooviern, P P C Rp2

Ra>Rc >Rpt = Rp2 >> RB
Ra= Rp+Rc

OBSERVED: 2, 1,2, 4, 8, 16, 32, 64 (128)
CALCULATED: 15,3,6,12, 24,48, 856, 128 (256)



DIVISION OF WATERS RESISTIVITY SURVEY
JOB LOCATION DATE
'[I.D‘ CLEAR LAKE 34-29-18ACB N 10-20-83
FREQUENCY RVE
FIELD DATA |serima | 3.33 SORVEY 1o
SPACING
(METERS) RA RC RD1 RDo RB COMMENTS
0.5
1 163.4 1620
2 1492 140.4 107.0 104.4 8.83
4 77.0 70.8 58.3 58.9 6.25
8 281 262 24.8 25.0 1.89
16 a9 473 4.66 5.0 0.15
32 1.29 1.23 0.84: 0.92 0.06
od 0.97 094 0.665 0.635/ 0.03
. 128 0.865] 083 0.535 0,57 0,04
OUTPUT DATA
+5--5 <20% <350%
METERS WENNER RESISTIVITY OBSERVED ERROR  OFFSETERRPOR  LATERAL EEROR
0.5
1.0 1022 0.86
1.5
2.0 1328 -0.02 2.45 -184
3.0 1383 ‘ |
4.0 1473 -0.06 -1.02 2.01
6.0 1477 _
8.0 1252 0.03 -0.8 462
12.0 792
16.0 485 0.40 -7.04 527
24 0 168
32.0 177 0.0 -9.09 -7.69
48.0 204 _
64.0 261 0.0 -4.61 -4.97
96.0 345
128.0 444 -0.58 -6.33
| 258.0 893 _
R.M.S. ERROR 0.269 5.02 T 298
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APPENDIX B

THE USE OF SEISMIC REFLECTION
TG DEFINE BURIED DRIFT AQUIFERS

By: Andrew R. Streitz
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ABSTRACT

Shallow seismic reflection methods can be used to define burjed drift
aquifers, which are important sources of water in western Minnesota. Working
from a well log, three outwash boundaries were isolated that gave promise of
returning reflections. Theoretical constraints limiting the usefulness of this
geophysical tool were partially overcome through a combination of new equipment
and changed field strategies. Data were collected and processed on a 12 channel
signal processing seismograph. Signals were analyzed to identify coherent
waveforms and separate other arrivals (e.g. direct wave, ground-coupled air
wave, ground roll, etc.) from reflections. Observed reflections were also
compared to theoretical characteristics to confirm identification. Velocities
were developed from refraction data and applied to reflection arrival times to
calculate depths. Three reflections were observed, with good correlation to the
three interfaces chosen as probable reflectors. The physical nature of the
different interfaces appeared to affect the'frequency content and waveform
‘signature' of the reflections. Shallow seismic reflection can be applied to
other types of drift investigations.
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INTRODUCTION
Water supply problems in much of western Minnesota have concerned

" definition of the extent of glacial sands and gravels buried in the drift.
Traditionally, studies have relied on test drilling to define the vertical and
horizontal boundaries of water-bearing bodies. The cost of obtaining this
information directly by test drilling has become prohibitive; thus, attention is
being focused on indirect, geophysical methods for defining aquifer boundaries.

To test the applicability of geophysical tools to water resources '
investigations in glacial terrane, the Minnesota Department of Natural Resources
(DNR) and the U.S. Geological Survey (USGS) began a 2-year cooperative program
using electrical resistivity, shallow seismic refraction and shallow seismic
reflection. Funding was provided in part by a special appropriation from the
Legislative Commission on Minnesota Resources (LCMR).

A primary area for investigation is the western third of the State where
irrigated agriculture is of prime economic importance. Water for irrigation, as
well as domestic usage, generally is withdrawn from buried drift aquifers.
Surficial aquifers, where they exist, are not capable of sustaining additional
| high yields and are more vulnerable to contamination. Surface water supplies
are not adequate for high capacity pumpage except during times of flood flow
which does not coincide with crop irrigation demand. Future groundwater
development needed to support economic growth will thus have to come from buried
drift aquifers.

One of the areas chosen for investigation during the 2 year "experiment" is
in Swift County, T 12IN, R 42W, S 17 ABB. This area has been studied previously
by the USGS and the DNR. Test hole data revealed the presence of two buried
drift aquifers separated by a thick sequence of clay.

GEQLOGY

The geology of this area consists of Quaternary age glacial deposits
directly overlying Precambrian crystalline rock. These glacial deposits are
made up of alternating layers of till (clay, sand and rock fragments) and

outwash sands and grave]s.1

1“Appra15a] of the Surficial Aquifers in the Pomme de Terre and Chippewa River
Valleys, Western Minnesota." USGS Water Resource Investigations Report
84-4086, page 7. -
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At the site of interest, this general description has been clarified by the
observation well log which reveals the geologic column from surface soils to
basement granite. (Figure 1). This Tog describes units of glacial drift on the
“basis of particle type, size and color (this is illustrated in Figure 1 by
dotted lines). Careful inspection suggests that a looser grouping of similar
units will produce a simpler, though still accurate, geologic model (represented
by heavy solid Tines).

Extending from the surface to a depth of 15.5 meters is a layer of sand and
gravel which grades to sand in the lower two-thirds of the unit. This sand
overlies a sequence of clay 25 meters thick, which itself overlies another 15.2
meters of sand. Below this second unit of sand lies a 15.2 meter-zone of
weathered granite. At a depth of 72.6 meters, granitic basement begins. The
three interfaces of interest are the first sand/clay boundary at a depth of 15.5
meters (the shallow reflector), the clay/sand boundary at 40.5 meters (the
intermediate reflector) and the sand/weathered granite division at a depth of
57.3 meters (deep reflector).

The rationale for grouping the units as described in the log into simpler
and larger units lies in the need to tie the geologic column to possible targets
for shallow seismic reflection. Theoretically, every interface (representing a
velocity-density contrast) is capable of reflecting energy and of appearing in
the seismic record. Taking into account associated matters of unit thickness
and signal wave Tength, we determined that the probability for reflections was
highest for the interfaces at 15.5, 40.5 and 57.3 meters.

The first two selected interfaces have sharp geologic contacts, while the
third (the sand/weathered granite boundary) is of an entirely different nature.
A geologic interpretation shows a rough gradient of material, from heavily
weathered granite to "fresh" rock, from fine particles to boulders. Further,
this chaotic weathering pattern varies laterally so that this interface could
best be visualized as an uneven series of velocity steps stretching from the
sand/weathered granite interface toward the basement, each representing a
credible reflection target.

FIELD STRATEGY

Three technical obstacles have slowed application of shallow seismic
reflection to buried drift investigations: 1) strong velocity-density contrast
between adjacent units are frequently lacking, 2) reflections from thin units

can only be generated by a sufficiently high-frequency signal, and 3) the
information-rich, high frequency portion of the signal must be separated from
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the large amplitude, dominant frequency. To overcome these problems, it is
necessary to combine equipment changes with new parameter selections. The
sensitivity of the equipment to high frequency information is increased by
’reducing the effect of large amplitude, -low frequency signals which swamp the
seismograph's dynamic range. This is accomplished through the use of front-end,
high pass analog filters and higher natural frequency geophones.

The higher natural frequency together with the analog filter does not
respond to frequencies below 40 Hz, and burial of the sensor (encased within the
waterproof marsh casing) cuts down on wind and traffic noise. Placing the
sensor as little as two feet underground yields an important gain in the high
frequency loss of the signal in the low velocity, unsaturated, near surface
material. Boosting the dominant frequency of the source wave involves
exchanging a 16 1b. sledge hammer for a modified 12 gauge pipe gun.
Post-collection digital filtering, including both high-pass and Tow-pass
filters, isolates favorable signals.

The central piece of equipment, the Bison Instruments Geopro, a 12 channel
signal processing seismograph, is used both for collection and signal
processing. Field data are digitally stored on a B&K recorder; auxiliary
equipment includes cables, 12 8 Hz. surface geophones, 12 40 Hz. Marsh-case
geophones, a 16 1b. hammer and the modified 12 gauge.2

The field strategy for data collection includes reflection and refraction
profiles on two Tines ranging west and north of the observation well. Each of
the two lines is anchored by a preliminary 24-trace multichannel spread,
designed to provide velocity information for observed reflections. Takeouts and
offsets are both 3 meters, thus the maximum offset provided by either of these
lines is 72 meters. Applying a generalization that depth of penetrationlis
approximately one-fourth of the offset, such a line provides information only to
a depth of 18 meters. A penetration of 18 meters is only one-third the depth of
the geologic column. This offset is sufficient in this case because of log
control for comparison with the geophysical data, and because the velocity-

~density contrast between units is small enough to allow for an assumption of a
constant velocity throughout the drift. Good agreement between initial profiles

2Use of specific brands of equipment should in no way be construed as an

endorsement by the State of Minnesota.
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and the well log lends confidence to the velocity assumptions based on the
refraction data. .
4' At 36 meter intervals, 12 trace multichannel profiles are run for
two-thirds of a kilometer. With maximum offsets of 36 meters, these lines are
~shot with shorter sweeps to concentratc on early arrivals and to monitor changes
~in the water table (which force changes in the velocity model). These profiles
are laid out to provide 3 meters ccntinuous coverage from the first shot point.
Data Set #1, the initial 24 trace refraction profile of the northern line,
is presented as Figure 2. This version of the data has been digitally filtered
and displayed with variable area. First arrivals have been plotted on a
time-distance plot (Figure 3). Parameter settings included gains of 42-78
db. -~ -, a 192 millisecond (MS) sweep and a 75 Hz. high-pass analog filter.
Data Set #2, represents a line 360 meters north of the first data set's
shot point. This 12 trace line appears as Figures 4 and 5. The former shows
raw data while the latter has been processed (both with variable area and high
pass digital filtering). Parameters were similar to thosé in Data Set #1,
except that the sweep was shortened to g6 MS.

ANALYSIS

The refraction profile in Data Set #1 defines a two layer velocity model.
The upper layer has a veiocity of 470 M/S, and the lower a velocity of 1857 M/S..
Combined with the cross-over from Figure 3, a depth can be caiculated at 4.1
meters. As a first step in correlating the well Tog with seismic data, the
~Tower velocity can be tied to the unsaturated zone, the interface (defined by
the velocity-density contrast) ascribed to the water table and the higher
velocity represents the saturated drift. Through the use of:

Vo \ Y,
VRMS: %%:%/J\Z 2 equation a,

this simple model can develop root-mean-squared velocities for specific depths,

namely our three target interfaces.

Analysis of reflection data must begin with a strong argument supporting
the selection of a waveform as a reflection. The criteria that are used to
identify these reflections include: high dominant frequency, high amplitude,
large apparent velocity (as observed on the multichannel spread) and separation
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~the waveform from interference with other arrivals. Figure 2 reveals a
reflection with these characteristics. Along line K-K', the arrivals are
jsolated from other events, benefit from high-pass digital filtering, display a
steep slope and have sufficient amplitude to stand clear of background noise.

| However, the waveform signature is not coherent and initial motions of the
waveforms across traces 13-24 do not describe a smooth parabola.

Data Set #2 displays two reflections which meet the stated requirements.
Figures 4 and 5 reveal reflections along lines N-N' and 0-0'. Comparisons
between the two reflection waveforms are instructive; the shallower reflection
has a lower apparent velocity, higher dominant frequency and suffers from
near-interference with first breaks. The first two observations follow from the
physical nature of reflections, while the third, which consists of interference
with direct and refracted arrivals, demonstrates depth Timitations in shallow
-seismic work. In contrast to the deep reflection, these two shallow reflections
have unique waveform signatures whose initial motions describe smooth parabolas.

Other recognized waveforms are important and they can be removed from
consideration as possible reflections. Figure 2 has two recognizable patterns:
1) electronic noise (from "cross-talk" between the geophone and trigger cables)
along line J-J', and 2) ground-coupled air wave labeled L-L'. Figures 4 and 5
both show electronic noise along line M-M',

RESULTS

It is now possible to correlate the three interfaces of the well Tog with -
the three reflections isolated from the field data. Reasons for assigning
root-mean-squared velocities to the interfaces were outlined above. These
velocities can be combined with reflection arrival times and offsets to
calculate depths through:

T2V2-X2 /2
D=\—7 equation b.
4

The reflection of Data Set #1 (using a velocity calculated from equation a,
of 1640 meters/second) yields depths of 53-54 meters. A check on the accuracy
of this calculation (beyond its favorable comparison to the geologic log's depth
of 57.3 meters for the sand/weathered granite interface) is the percent
agreement of the various depths generated from the observed reflections. This
percentage represents deviation from the best fit parabola of a velocity to
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observedrreflections. For a velocity of 1640 M/S the percent agreement is 97%.
The calculated velocity is therefore a good choice, but does not explain the
discrepancy between calculated depths and the depth taken from the well log.

The explanation may lie in the nature of the reflector with its uneven grading
of -weathered granite. Interference from delayed arrivals and changing reflector
depths could cause phase shifts in initial motions and create fef]ection wave
trains of varying length.

The remaining two reflections are dealt with in a similar fashion. From a
calculated velocity of 1475 M/S, the shallow reflection produces depths of 14.9
to 16 meters. The intermediate reflection generates depths of 39.6 meters to
40.8 meters from a calculated velocity of 1677 M/S. This last velocity is
higher than the root-mean-squared velocity at the 57.3 meter interface because
of a decrease in the depth of the water table at the site of Data Set #2. These
depths show very good agreement with the two shallow interfaces of the geologic
column (e.g. 15.5 and 40.5 meters). This greater precision over Data Set #1, is
due to the nature of the reflectors. The poorly defined nature of the
sand/weathered granite interface blurs the seismic record, while the sharp
contrast of the clay/outwash interfaces produces sharp, coherent reflections.
The depth calculations of the two shallow reflections benefit both from
unambiguous first motions and from a more accurate velocity model. The velocity
model used in this work predictably introduces a certain amount of error at
greater depths.

COMMENTS

Reflection as a tool for investigating buried drift features requires
further development to increase precision in varied environments. Interpre-
tation of data remains a difficult process which, if mastered, can help in
tracing confining layers in ground water contamination studies, resource
development and engineering investigations.
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Figure 1. Pomme de Terre Well Log, Swift Co., Minnesota (121.42.17 ABBB)
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Figure 2, data set no.1; Swift Co., MN.
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